Abstract A somatic embryogenesis (SE) protocol was established for the regeneration of Lilium ledebourii (Baker) Boiss. whole plants using new vegetative bulblet microscales and transverse thin cell layers (tTCLs) of young bulblet roots as the explant sources. Bulblets were induced from bulb scale explants cultured for at least 3 months in the dark on Murashige and Skoog (MS) medium containing 3% sucrose, 0.8% agar, and different concentrations of a-naphthaleneacetic acid (NAA), 6-benzyladenine (BA), and thidiazuron. Embryo-like structures were obtained from tTCL explants of 3-month-old bulblets (excised from bulb scale explants) following culture on solid MS medium containing 3% sucrose and various concentrations of NAA and BA for 3 months in the dark. Both the explant source and the type of plant growth regulators affected the differentiation of somatic embryos. The highest percentage (65.55%) of embryogenesis was obtained from bulblet microscale tTCLs cultured on solid MS medium containing 0.54 lM NAA and 0.44 lM BA. Plants with normal shoots and roots were obtained following a 3-month culture of embryos on growth regulatorfree MS medium at 25 ± 1°C under a 16/8-h light/dark photoperiod (light intensity 40 lmol m -2 s -1 , cool-white fluorescent light). The plants were successfully acclimatized in the growth chamber.
Introduction
Lilium ledebourii (Baker) Boiss. (Family Liliaceae), called 'Susan-e-chelcheragh' in Persian, is the only endangered species of the Lilium genus found in Iran. It has a great potential as an ornamental plant due to its large and attractive white flowers that are the equal to those of commercial lilies in terms of beauty (Wendelbo 1977) . Four to ten flowers commonly appear on each plant, but specimens with up to 15 flowers have been observed (Ghahreman 1997; Farsam et al. 2003) . Lilium ledebourii is grown in the eastern slopes of Alburz Mountains, where is now protected on a small area of degraded beech forest around Damash village (1,700-1,900 m a.s.l.) (Wendelbo 1977; Rechinger 1989) . Wild populations are currently at risk of rapid eradication because of irregular grazing and poaching (Azadi and Khosh-Khui 2007) . Therefore, artificial propagation methods are necessary to conserve and maintain the germplasm.
There are several limitations to breeding L. ledebourii, such as the production of only a few seeds and restricted conventional vegetative propagation. One approach to overcoming these limitations is somatic embryogenesis (SE), which is one of the fastest methods for micropropagating whole plants. As such, SE is a highly valued plant culture technique (Fay 1992; Stanilova et al. 1994; Karami et al. 2008) . The main advantage of SE compared to the other regeneration methods, such as organogenesis, is that it produces a functional meristem with a vascular system and a root/shoot axis in a single step (Bassuner et al. 2007 ). In contrast, shoot organogenesis requires additional manipulations, as adventitious roots have to be formed subsequent to shoot induction. Additional advantages of SE are the potential for the cryopreservation of embryos, formation of a very large number of propagules per explants, genetic transformation, and direct transfer of plants for field cultivation through the production of artificial seeds.
Somatic embryogenesis has been induced from different explants of L. longiflorum and lily hybrids (Haensch 1996; Tribulato et al. 1997; Nhut et al. 2002 Nhut et al. , 2006 Ho et al. 2006 ). In a number of different genotypes of bulbous ornamental crops, SE has also been reported from bulb scales as explants (e.g., L. longiflorum; ArzateFernandez et al. 1997; Fritillaria imperialis; Mohammadi- Dehcheshmeh et al. 2008) , but the use of bulbs as a explant source was linked with heavy bacterial and fungal contamination. However, in terms of a perennial endangered plant species, a major disadvantage of using (pieces of) bulb scales as explant source is the destruction of the source plant. The lack of an efficient protocol for traditional asexual propagation of lily has prompted extensive studies on using the thin cell layer (TCL) method as both a tool and a solution to the use of bulb scales (Nhut et al. 2001a) . TCLs have been excised from different plant organs and successfully used as explants for SE and plant regeneration processes in L. longiflorum (Van Le et al. 1999; Nhut et al. 2001a Nhut et al. , b, 2002 .
Here, we report our study on the use of bulblet transverse (t)TCLs of L. ledebourii (excised from in vitro bulb scales) as an explant source for SE and plant regeneration processes. An additional objective was to study the effects of different concentrations of growth regulators and different organ sources of TCLs derived from bulblet microscales and young bulblet roots on the formation of L. ledebourii embryogenic callus and somatic embryos. The results reported here contribute valuable information which can be used in conservation and breeding programs of L. ledebourii.
Materials and methods

Plant material and disinfection
Fresh bulbs of L. ledebourii were collected from the Damash mountain region located in Gilan province, northern Iran, in late March 2008. The bulbs were first washed under running tap water for approximately 2 h following removal of the roots and outer dry scales, and then the clean inner scales were excised, surface sterilized [first in 70% (v/v) ethanol for 2 min, then in 3% (v/v) sodium hypochlorite solution plus 2-3 drops of Tween 20 for 30 min], rinsed three times in sterile distilled water, and finally shacked for 5 min to wash out the sterilization agents.
Bulblet regeneration from bulb scale explants Each section of the bulb scale (7 9 7 mm), with the dorsal side in contact with the medium, was placed in a test tube (25 9 150 mm) containing 20 ml of solid MS (Murashige and Skoog 1962) thiamine HCl. The medium was adjusted to pH 5.7 with 0.1 N NaOH or HCl and autoclaved at 121°C and 120 kPa for 15 min. The test tubes were capped with two layers of aluminum foil and cultured for 3 months at 25 ± 1°C in the dark in a growth chamber. After 3 months, the morphological characters of bulblets that had grown in test tubes were recorded (Table 1) .
Induction of embryo-like structures from tTLC explants
Three-month-old bulblets (excised from bulb scale explants) were used as an explant source for these experiments. In order to induce embryo-like structures (ELS), we excised and cultured different types of tTCLs (bulblet microscales and young bulblet roots, 1.0 mm in thickness) in petri dishes (90 9 20 mm) containing 30 ml of solid MS medium (0.8% agar) with 3% sucrose and supplemented with 0.54 lM NAA and 0.0, 0.44, or 2.22 lM BA. These cultures were incubated under the same conditions as for the bulb scale culture. To maintain the ELS type, ELS masses were cut into small segments and subcultured on the same medium at 4-week intervals.
Regeneration of plantlets from somatic embryos ELS were cultured on hormone-free MS medium for plant regeneration. The culture conditions were 25 ± 1°C and a 16/8-h light/dark photoperiod with light provided by coolwhite fluorescent lights at an intensity of 40 lmol m -2 s -1 . The germinated plantlets were transferred to the regeneration medium in tissue culture jars to allow the bulblets to further develop. After the scaly leaves had wilted (8-12 weeks), the bulblets were ready for vernalization (8 weeks at 5°C).
Acclimatization of regenerated plantlets
Following vernalization, 3-month-old, healthy regenerated plantlets with well-developed roots were removed from the culture medium. The roots were carefully washed under running tap water to remove adhering culture media, and the plants were transferred to a sterile peat:perlite (1:1, v/v) substrate in plastic pots (8 9 7 cm) for acclimatization. All plants were covered with transparent plastic cups to provide a high relative humidity. The plants were kept in the growth chamber under controlled conditions for 2 weeks and then transferred to conditions of a natural light/dark cycle of sunlight without temperature control in the laboratory for another 2 weeks. The cover was gradually removed during this period of time.
Statistical analysis
At the stage of bulblet regeneration from bulb scales, one explant was cultured in a test tube. The percentage of bulblets regenerated from each scale, the number of bulblets per explant, fresh weight of the bulblet, and the number of roots per bulblet formed per explant were recorded after 90 days of culture. In order to induce ELS from tTCL explants, five explants were cultivated in a petri dish. The following data were recorded: percentage of surviving explants, percentage of embryos forming calluses, number of ELS per explant, and fresh weight of ELS. In all experiments, a completely randomized design was used with 25 replicates per treatment. All collected data were subjected to the analysis of variance, and the mean separation was performed using Duncan's multiple range tests at a significance level of P B 0.05.
Results and discussion
Effect of plant growth regulators on bulblet regeneration
After 3 months of culture, bulblets had been regenerated via direct organogenesis in all bulb scale explants cultured on all media. Explants cultured on media containing NAA and BA showed 100% bulblet regeneration (Table 1) . This result is consistent with those of Azadi and Khosh-Khui (2007) who reported similar results for the L. ledebourii in winter-harvested bulbs. The highest number of bulblets (2.37) was obtained on explants cultured on medium supplemented with 0.44 lM BA and 0.54 lM NAA (Fig. 1a) . The number of bulblets per scale increased with increasing levels of plant growth regulators (PGRs), but the presence of PGRs led to a decrease in the fresh weight of the bulblets compared to the control (Table 1) .
No roots were produced by bulb scale segments of L. ledebourii cultured on medium containing 0.45 and 2.27 lM TDZ (Table 1) . Although TDZ has been effectively used to induce shoot regeneration in different explants of various lily species (Bacchetta et al. 2003; Han et al. 2005; LingFei et al. 2009 ), its use has not been reported for L. ledebourii. TDZ is also a potent PGR in in vitro morphogenesis and is considerably more effective than other cytokinins for inducing shoot regeneration (Huetteman and Preece 1993) . It is a powerful inducer of adventitious shoots and somatic embryo formation in many ornamental plants (Lin et al. 1997; Mirici et al. 2005; Sanikhani et al. 2006 ). In our study, however, it was not as 
Induction of SE
Somatic embryogenesis occurred in tTCL explants of L. ledebourii cultured on MS media containing different concentrations of NAA and BA. Four weeks after the initiation of tTCL culture, the percentage of surviving explants was calculated by dividing the number of surviving explants by the number of cultured explants. The maximum survival percentage of tTCL explants (100%) was obtained from bulblet microscales cultured on MS media containing both NAA and BA (Table 2) . tTCL explants were cultured on MS media supplemented with 3% sucrose, 0.8% agar, and various concentrations of PGRs were swollen, mainly from the cut end of the explants, and produced yellowish nodular embryogenic calluses within 4 weeks of culture in the dark (Fig. 1b) . Four to 5 weeks after tTLC culture initiation, globular somatic embryos were obtained by continuous cultivation on solid MS media (Fig. 1c) . The concentration of NAA and BA affected the number of somatic embryos, with the MS medium containing 0.54 lM NAA and 0.44 lM BA producing the highest somatic embryo induction among all media containing PGRs. No SE occurred in young bulblet root explants grown on media without cytokinins (Table 2 ). These results suggest that there are highly significant differences between explant types when tTCLs were cultured on the medium with the different NAA and BA combinations. Explants were taken from the bulblet microscales generally produced more calluses with somatic embryos than young bulblet root explants ( Table 2 ). The highest ELS per tTCL explant (3.84) was obtained from a tTCL from a young bulblet root cultured on MS media containing 0.54 lM NAA and 0.44 lM BA. The embryo number per tTCL of bulblet microscale explants was nearly equal to that per tTCL of young bulblet root explants ( Table 2) . Subculturing of ELS under the same conditions as for the callus culture gave rise to new ELS on MS medium and, subsequently, the development of dicotyledonous embryos (Fig. 1d) . During the experiment, callus fresh weight increased with increasing duration of the culture period. The fresh weight of the ELS masses was higher on medium with 0.54 lM NAA and 0.44 lM BA after 3 months of culture compared to that on media with other PGR combinations ( Table 2) . During the last two decades, a number of protocols have been developed for the establishment of SE and callus cultures of L. longiflorum and a number of lily hybrids (Haensch 1996; Tribulato et al. 1997; Nhut et al. 2002 Nhut et al. , 2006 Ho et al. 2006 ). To date, there has been no report describing this regeneration process from tTCL explants of L. ledebourii. Haensch (1996) obtained whole plants from bulb scales in different genotypes of Lilium hybrids when explants were cultured on MS medium. Tribulato et al. (1997) reported embryogenic cell suspensions and plant regeneration of L. longiflorum 'Snow Queen' from friable callus when explants were cultured in liquid medium containing 2 lM dicamba. Nhut et al. (2002) reported that MS medium containing 5.4 lM NAA and 1.1 lM TDZ induced yellow friable calluses derived from L. longiflorum tTCL explants but that some of the pseudo-bulblet explants failed to generate somatic embryos when 0.5-to 0.7-mm thick tTCLs were used as explants. These researchers found 0.8-to 1.0-mm thick explants were the best source material for obtaining the maximum number of ELS. In contrast, we found that the addition of BA and NAA to MS medium resulted in the production of yellowish nodular embryogenic calluses. In Lilium species, the requirement for BA or TDZ to induce somatic embryos may depend on the explant source, genotype, PGRs, and culture conditions. Ho et al. (2006) stated that 5.3 lM NAA induced green embryogenic callus from roots near the base of bulblets of Lilium 9 formolongi and that subsequent embryo development occurred in flask culture and bioreactor culture. We found that the lower concentration of NAA induced embryogenic callus and that somatic embryos formed thereafter when grown on growth PGR-free medium in the dark. Nhut et al. (2006) reported that liquid culture was the better culture condition, compared to solid media, for inducing and enhancing the quality and quantity of SE from tTCL (explant thickness 0.8-1.0 mm) of pseudobulblets of L. longiflorum 'Easter Lily'. The germination and subsequent development of somatic embryos into plantlets occurred on hormone-free half-strength MS medium. In contrast, our results showed that embryogenic callus could not be induced from tTCLs of bulblet microscales cultured in the dark on MS medium containing NAA and TDZ in L. ledebourii (data not shown), while embryos showing a bipolar structure were developed in the presence of NAA or in combination with BA. Similarly, the combination of an auxin and BA has been used to initiate somatic embryos in other rhizomatous and bulbous ornamental crops, such as Alstroemeria (Kim et al. 2006) , Iris (Shibli and Ajlouni 2000) , Narcissus (Selles et al. 1999; Malik 2008) , and Tulipa (Ptak and Bach 2007) .
Somatic embryo germination and plant acclimatization
Embryo-like structures with normal shoots and roots germinated 3 months after being cultured on hormone-free MS medium (Fig. 1e) . Four to 5 months later, after the scaly leaves had wilted, the plantlets were removed from the culture vessels and the bulblets vernalized. Similar to results reported for other species (Nhut et al. 2006; Ho et al. 2006) , the highest germination rate (83%) of transforming somatic embryos into plants was observed in L. ledebourii. More than 75% of rooted plantlets were successfully adapted to ex vitro conditions (Fig. 1f) . The plantlets were very uniform and continued to grow, showing the development of new leaves. Thus, SE in L. ledebourii is an efficient procedure for propagation.
In conclusion, our study is the first to report on successful plant regeneration via SE from tTCLs of L. ledebourii. The TCL system enables not only rapid clonal propagation but also provides an excellent source of material for genetic manipulation, thereby enabling the development of new varieties. As such, TCL cultures would also appear to be suitable as a valuable target tissue for Agrobacterium transformation. In some Lilium species and cultivars, genetic transformations have already been performed successfully (Watad et al. 1998; Hoshi et al. 2004; Mori et al. 2005; Kim et al. 2007 ). The procedure described here is efficient and can be applied in programs aimed at conserving this valuable genetic resource.
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